The ATP-binding cassette transporter associated with antigen processing (TAP) plays a key role in the adaptive immune defense against infected or malignantly transformed cells by translocating proteasomal degradation products into the lumen of the endoplasmic reticulum for loading onto MHC class I molecules. The broad substrate spectrum of TAP, rendering peptides from 8 to 40 residues, including even branched or modified molecules, suggests an unforeseen structural flexibility of the substrate-binding pocket. Here we used EPR spectroscopy to reveal conformational details of the bound peptides. Side-chain dynamics and environmental polarity were derived from covalently attached 2,2,5,5-tetramethylpyrrolidine-1-oxyl spin probes, whereas 2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid spin-labeled peptides were used to detect backbone properties. Dependent on the spin probe's position, striking differences in affinity, dynamics, and polarity were found. The side-chains' mobility was strongly restricted at the ends of the peptide, whereas the central region was flexible, suggesting a central peptide bulge. In the end, double electron electron resonance allowed the determination of intrapeptide distances in doubly labeled peptides bound to TAP. Simulations based on a rotamer library led to the conclusion that peptides bind to TAP in an extended kinked structure, analogous to those bound to MHC class I proteins.
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adaptive immune system | antigenic peptide binding | peptide conformation | double electron electron resonance EPR | site-directed spin labeling T he transporter associated with antigen processing (TAP) plays a pivotal role in the antigen-processing pathway via MHC class I molecules (1) . A fraction of proteasomal degradation products is translocated from the cytosol into the lumen of the endoplasmic reticulum by the TAP complex for loading onto MHC class I molecules. Subsequently, these peptide-MHC complexes traffic to the cell surface where they display their antigenic cargo to cytotoxic T-lymphocytes, which can thereby efficiently recognize and eliminate infected or malignantly transformed cells.
TAP belongs to the superfamily of ATP-binding cassette (ABC) transporters, which are found in all kingdoms of life. These transport machineries translocate a very broad spectrum of solutes across biological membranes by hydrolysis of ATP, which is critical for a variety of cellular functions, such as signal transduction, protein secretion, ion homeostasis, multidrug resistance, or antigen presentation (2, 3) . The heterodimeric TAP complex is composed of the two half-transporters TAP1 (ABCB2) and TAP2 (ABCB3), each containing a hydrophobic transmembrane domain (TMD) followed by a cytosolic nucleotide-binding domain. Each subunit can be subdivided into a unique extra N-terminal domain (TMD0), which is required for the assembly of the peptide loading complex composed of TAP, tapasin, MHC class I, and the chaperones ERp57 and calreticulin, followed by a core transport unit of six transmembrane helices, which is essential and sufficient for peptide transport (4) . The core TMD harbors the peptide-binding site, which was mapped by photo-cross-linking studies to the last cytosolic loop between the helices TM4 and TM5 and a region of 15 amino acids following TM6 of each TAP core subunit (5) . Notably, both TAP1 and TAP2 are required for peptide binding (6) . TAP transports most efficiently peptides with a length of 8-12 amino acids. However peptides with a length of 8-16 amino acids are bound with comparable affinity (6, 7) . Strikingly, even peptides of 40 amino acids in length and peptides with bulky side chains are bound and transported, thus underlining the structural flexibility of the substrate-binding pocket (8) (9) (10) . Peptide binding is an ATP-independent, two-step process accompanied by large structural rearrangements (6, 9, 11, 12) . For peptide binding, the first three N-terminal residues and the C-terminal residue were identified as critical, whereas the amino acids in between these "anchor" positions appear to form only minor contacts to the binding site and may even protrude into the solvent in the case of long or sterically restricted peptides (10, (13) (14) (15) (16) (17) .
Knowing the conformation of bound substrates in an enzyme is often the first step for the design of new drugs. In the field of ABC exporters, this seems to be a challenging task. For resolving the structure of bound peptides and the mechanism of peptide binding, we used EPR spectroscopy in combination with sitedirected spin labeling of antigenic peptides to (i) probe the spatial arrangement of the peptide-binding pocket of TAP and (ii) to elucidate the conformation of the bound peptide.
Results
Experimental Strategies. EPR spectroscopy was applied on singly and doubly spin-labeled peptides to probe peptide-TAP interactions and to obtain insights into the structure of peptides in complex with the antigen translocation machinery. The properties of the side chains and of the backbone were probed by iodoacetamido-2,2,5,5-tetramethylpyrrolidine-1-oxyl (proxyl) spin labels covalently attached to cysteines and by the amino acid 2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid (TOAC) inserted at each position of the high affinity, HLA-B27 restricted epitope RRYQKSTEL, respectively (Fig. 1A) . TOAC lacks the rotatable bonds found in most conventional spin probes as the nitroxide ring is rigidly attached to the α-carbon of the amino acid, thus it is more sensitive to peptide backbone dynamics than to the orientational freedom of the side chain (18) . Distance constraints were derived from doubly spin-labeled 9-and 15-mer peptides (RRYQKSTEL and RRYQKLTSAVNSTEL, respectively) via continuous wave (CW) and pulse EPR to obtain the conformation of the peptide bound to the TAP complex. For brevity, an N-mer peptide with a proxyl label or a TOAC amino acid at position n will be designated as proxyl n N or TOAC n N , respectively.
Spin-Labeled Peptides Bind Specifically to TAP. The CW spectra detected for proxyl-or TOAC-labeled peptides freely tumbling in solution were clearly distinguishable from those of peptides bound to TAP (Fig. 1B and Fig. S1 ). As shown for example for proxyl 4 9 , the spectrum of the free peptide is characterized by the presence of three narrow lines, typical for nitroxides in the fast motional regime. In contrast, the spectrum of the bound peptide displays a broad powder-like pattern exhibiting a characteristic positive peak at low-B fields and a negative one at high field. In the spectrum of the bound peptides, two narrow peaks are still present, which represent the low-and high-field line of a small fraction of residual unbound peptide in solution. Addition of an excess of unlabeled peptide restores almost completely the spectral features of free peptide, demonstrating the reversible and specific binding of the labeled peptide. Analysis of the spectra obtained upon titration of the spin-labeled peptide to TAP allowed the determination of the peptide affinities by second integral determination of the fractions of free versus bound peptide. In addition, the concentration of active TAP was revealed by this method, which was in good accordance with protein concentration determination demonstrating a peptide-to-TAP stoichiometry of 1∶1 (Fig. S2) . Dissociation constants derived from EPR and filter binding assays were found to be in agreement (Table S1 ). Notably, the binding pattern reflects the selectivity pattern of TAP, in which anchor residues are localized at both ends of the peptide and are sensitive to modifications whereas the region in between is highly promiscuous in sequence and length (9, (13) (14) (15) 19 ). The same effects were observed for peptides containing TOAC amino acids, however with lower binding affinities than the proxyl-labeled peptides ( Fig. S1 ; Table S1 ). In conclusion, proxyl-and TOAC-labeled peptides bind specifically to TAP and the relevant EPR spectral changes from the free to the bound state allow monitoring of their conformational change in terms of side-chain and backbone flexibility.
Side-Chain and Backbone Mobility. The specific binding of spinlabeled peptides to TAP provides an optimal starting point to determine the side-chain and the backbone mobility of the bound peptide, which is encoded in the width of the EPR lines and in the position of the low magnetic field peak. For restricted spin labels the first positive peak shifts to lower B-field values (dotted red lines in Fig. 1C ) and the width of the central peak (ΔH pp in Fig. 1C ) is broader with respect to mobile spin labels. To compare differences in the side-chain dynamics of the bound proxyllabeled peptides, we subtracted the residual free peptide fraction when present (Fig. 1C) . The plot of the two mobility parameters, extracted from the spectra of the proxyl-labeled 9-mer peptides versus the spin-label positions correlate nicely with each other (Fig. 1D ) and demonstrate that the N-and C-terminal regions of the peptide are strongly immobilized, whereas the central region features a higher degree of freedom, with the exception of position 4.
To disentangle the mobility of the side chains, reflected by the proxyl probes, from the intrinsic backbone flexibility, we employed the TOAC-labeled peptides. The rigid spin-label TOAC, built into the peptide backbone, has only one degree of freedom, which is the flip of the six-membered ring. Despite being generally more restricted in motion than the proxyl-labeled side chains, the highest mobility is again observed for the backbone positions 5, 6, and 7 (Fig. 1D ), in line with the proxyl probes. The mobility of TOAC 1 9 and TOAC 2 9 could not be derived because of low affinity of these peptides. Interestingly, comparing positions 4 and 6 labeled with proxyl or TOAC revealed that in both cases position 4 is anchored to TAP, whereas position 6 is indeed more flexible, with the large degree of freedom mainly dominated by the side-chain flexibility.
To generalize this pattern of increased side-chain flexibility going from the N-and C-terminal residues to the central region of the peptide, side-chain dynamics of spin labels attached at selected positions in 11-and 15-mer peptides were also investigated. The 11-and 15-mer peptides labeled at the middle posi- Spin-labeled 9-mer peptides bind specifically to TAP. Spin-normalized CW derivative spectra of proxyl 4 9 free in solution (orange line), bound to TAP (black line, multiplied by two for clarity, 10 μM proxyl 4 9 after incubation with 48 μM active TAP at 277 K for 15 min), and competed with a 165-fold molar excess of unlabeled competitor peptide RRYQKSTEL for 2 min at 310 K. The spectrum of free peptide is scaled (dotted orange line) and superimposed to the spectra of bound and competed spin-labeled peptides to reveal the fraction of free peptide or residual bound peptide after competition, respectively (indicated by arrows). (C) EPR derivative spectra of bound proxyl and TOAC-labeled peptides. Peptides were incubated with TAP for 15 min at 4°C. For proxyl-labeled peptides, the fraction of free peptide was subtracted. Asterisks indicate small artifacts due to subtraction. The red dotted line highlights displacement of the low-field peak, and the green dotted lines show an exemplary central line width (ΔH pp ). (D) Mobility parameters extracted from the spectra shown in panel C versus residue numbers: the low-field peak positions for the proxyl and TOAC probes are shown in red and black, respectively; the inverse of the line width is shown only for the proxyl probes in green.
tions (6 and 8, respectively) and a 15-mer peptide doubly labeled at positions 2 and 14 were compared to 9-mer peptide carrying the spin labels at analogous positions (Fig. S3) . Remarkably, the middle positions showed a high flexibility whereas those close to the anchoring residues showed a more restricted mobility perfectly in agreement with the findings in the 9-mer peptides.
In conclusion, the data revealed that upon TAP association the central region of the peptide is flexible, with the exception of position 4, whereas the N-and C-terminal residues are tightly bound to the binding pocket of TAP.
Microenvironment of TOAC-and Proxyl-Labeled Peptides. To determine the polarity of the peptide-binding pocket of TAP, the spectra of 9-mer peptides labeled with proxyl or TOAC at the "restricted" position 4 and the "mobile" position 6 were recorded at 160 K (Fig. 2) . At this temperature, the motional averaging of the anisotropic hyperfine tensor is avoided, thus the mobility of the spin label is frozen out, and the obtained so-called powder spectrum contains only information about the polarity of the spin-label microenvironment. The distance between the low and high field peaks of a powder spectrum is 2A zz , which directly correlates with the polarity of the spin-label microenvironment. High A zz values (3.6-3.7 mT) characterize polar water-exposed spin labels, whereas lower values (down to 3.3 mT) indicate apolar surroundings. Upon binding of proxyl 4 9 to TAP, the A zz value decreases (ΔA zz − 0.07 mT; Table S2) indicating that in the bound state the spin probe is partially shielded from the bulk water ( Fig. 2 ; Table S2 ). Interestingly, the low-temperature spectrum of proxyl 4 9 is very similar to the one obtained at 277 K (Fig. 2A, Inset) , demonstrating that the spin probe at this position is extremely restricted in motion. In contrast, the polarity at position 6 differs only slightly between the free and the bound peptide state (ΔA zz − 0.04 mT), implying that the spin probe at this position is still exposed to the water in the bound state (Fig. 2 and Table S2 ). The pronounced changes visible in the low-field peak of proxyl 6 9 between 277 and 160 K indicate that the spectrum is dominated by the spin-label dynamics and not by polarity (Fig. 2B, Inset) .
Unlike the proxyl-labeled peptides, the TOAC spin probes at positions 4 and 6 were found to be water accessible in both free and bound states (Table S2 ), demonstrating that the proxyl and TOAC spin probes can be accommodated into slightly different binding pockets at peptide position 4. The very similar A zz values detected for TOAC 4 9 and TOAC 6 9 at 160 K confirm that the spectral changes observed at 277 K again depend only on dynamics. In summary, the data revealed that upon TAP association both the backbone and the side chain at position 6 of the peptide are water exposed, whereas the water accessibility at position 4 is sampled differently by the proxyl and TOAC probes.
Conformation of Bound Peptides. The high mobility detected in the central region of the bound 9-mer peptide poses the question as to which conformation of the peptide can allow such flexibility. Doubly spin-labeled variants of the 9-mer epitope were engineered in order to obtain interspin distances from which the conformation of the bound peptide could be revealed. One proxyl label was placed at position 8 and the second at positions 2, 4, or 6. The interspin distances were determined by CW EPR spectra recorded at 160 K, sensitive in the 0.8-2-nm range, and by double electron electron resonance (DEER) at 50 K, which for most applications is sensitive in the 1.7-6-nm range.
The free 9-mer peptide labeled at positions 2 and 8 (proxyl 2-8 9 ) displayed a broad interspin distance distribution centered at 2.1 nm (FWHM 1 nm). Upon binding to TAP, the interspin distance distribution was found to be narrowed (FWHM 0.6 nm) and centered at 2.2 nm (Fig. 3A) . The CW EPR spectrum detected on the same sample at 277 K showed 97% of spin-labeled peptide bound to TAP (Fig. 3A , Upper, Inset), therefore the narrow 2.2-nm distance describes the bound conformation.
Additionally, distances were determined for all three 9-mer doubly labeled peptides by analysis of the line broadening of the CW EPR spectra recorded at 160 K. The EPR spin-normalized spectra of the three doubly labeled 9-mer peptides bound to TAP show a gradual decrease in intensity with the second spin label moving closer to the spin label at position 8, indicative of increased dipolar coupling because of shorter distances (Fig. 3A , Right, Inset). Fitting of simulated spectra to the experimental ones gave interspin distances of 2.1, 1.9, and 1.4 nm for the positions 2-8, 4-8, and 6-8, respectively (Table S3 ). The interspin distances in proxyl 2-8 9 determined by continuous wave and pulsed techniques are in agreement showing the accuracy of both methods.
To generalize these findings, based on the fact that TAP preferentially binds peptides with a length of 8-16 residues with similar affinity (6), doubly labeled variants of the 15-mer peptides were also engineered and interspin distances investigated by DEER. A broad interspin distance distribution centered at 2.7 nm (FWHM 2.5 nm) was found between positions 2 and 14 in the free state (Fig. 3B) . Upon binding to TAP, the distance decreased to 2.0 nm (FWHM 1.5 nm). Integration of the CW EPR spectrum recorded on the same sample at 277 K showed that 93% of proxyl 2-14 15 was bound to TAP (Fig. 3B, Upper, Inset) . An interspin distance of 1.7 nm (FWHM 1.8 nm) was also determined by DEER for proxyl 8-14 15 ( Fig. 3B, Right, Inset) . Based on the fact that the interspin distances between spin probes attached next to the 9-and 15-mer peptide anchoring sites (positions 2 and N-1) are found to be very similar and do not depend on the peptide length, specific binding sites for the N-and C-terminal residues of any peptide in the binding pocket of TAP are suggested.
Discussion
The spatial arrangement of the peptide-binding pocket and the structure of bound peptides are required to understand the mechanism of epitope selection and TAP-dependent antigen Fig. 2 . Polarity of the spin probe microenvironment. The proxyl 4 9 (A) and proxyl 6 9 (B) peptides free in solution (black, 30 μM) or bound to TAP (10 μM, red) were shock frozen in liquid nitrogen and the spectra were recorded at 160 K. For proxyl 4 9 , the spectrum after addition of 165 molar excess unlabeled competitor is also shown. The dotted lines represent simulated spectra fitted to the experimental ones using the program DIPFIT (25) . The 2A zz separation between the low-and high-field peaks is indicated by vertical dotted lines. As determined by CW EPR spectra at 277 K (gray spectra in the insets), the fraction of free peptide was smaller than 5%. The two insets also show the effect of lowering the temperature on the spectral shape of the bound peptides.
translocation in adaptive immunity. The lack of a high-resolution structure of an ABC exporter in complex with its substrate called for the use of alternative biophysical techniques, in this case EPR, to get information about the structure and conformational dynamics of the bound substrate. By the concomitant use of proxyl and TOAC spin-labeled peptides, the dynamics and polarity of the side chains and of the peptide backbone could be disentangled. Additionally, with the help of a set of doubly spin-labeled 9-and 15-mer peptides, intrapeptide distances could be derived to propose the conformation of the peptide in the TAP binding pocket.
The N-and C-terminal positions are highly restricted in motion upon TAP association. This immobilization could result from pockets in the TAP binding site, which define the side-chain specificity. Because the backbone is also immobile at both termini, we propose additional stabilization of the peptide backbone induced by TAP. Spin probes at positions 3, 5, and 6 show the highest mobility for the side chain as well as for the backbone. Because positions 5 and 6 also have the highest variability in peptide sequence (13), we speculate that these side chains stick out of the binding pocket and are not in contact with TAP. This assumption is supported by the polar microenvironment of residue 6, which does not significantly change between the free and bound state. Additionally, from the mobility data obtained with the TOAC reporter molecule at position 6, we also suggest a loose contact of the backbone with TAP. The high flexibility at position 3 of the peptide is unexpected because this position is involved in peptide recognition. However, labeling position 3 with TOAC or proxyl drastically increased the peptide dissociation constant that was also observed after labeling with fluorescein or a small chemical protease (9, 17) . Therefore, we assume a disturbed peptide conformation in which position 3 is no longer in contact with the binding pocket, and thus it is characterized by a higher mobility of the spin probe. The mobility at position 4 is strongly restricted and comparable with the mobility of the N-and C-terminal residues. The reduction in mobility seems to result from backbone as well as side-chain contacts. Interestingly, the TOAC probe is water accessible, whereas the proxyl side chain at the same position is shielded and seems to be buried in the binding site. Despite this strong mobility restriction, this position is not involved in peptide specificity as reflected by the high variability of amino acids and the tolerance of bulky modifications at this position (9, 13, 17) . Therefore, we propose peptide stabilization by backbone interactions and an immobilization of bulky side chains by spatial constraints in the binding pocket of TAP.
To derive information on the structure of the peptide bound to TAP based on the interspin distances experimentally obtained, we analyzed in silico the orientational freedom of two proxyl labels at positions 2 and N-1 in peptides of different lengths in an extended structure in vacuum (Fig. 4A) . In proxyl 2-8 9 , the labels can reorient to result in an interspin distance of 2.0 nm. In contrast, the simulated distance of proxyl 2-14 15 peaks at 4.5 nm. The simulations clearly suggest that the formation of an internal kink in the longer peptide would fit the experimentally observed 2-nm distance between positions 2 and N-1. An α-helical conformation for the 9-and 15-mer was also tested in silico, and we found that it agrees equally with the experimental values. However such a conformation in the binding pocket of TAP can be excluded for several reasons: (i) Peptide library studies showed that a proline residue in the body of the peptide does not disturb peptide binding, although it functions as a helix breaker (13); (ii) there is no preference for peptides containing amino acids with high propensity to form an α-helix; and (iii) in an α-helical conformation, the relative orientation of the anchoring side chains would change according to the helical pattern. Thus, the binding affinities should display a periodic pattern, whereas in fact peptides of 8-16 amino acids in length have the same affinity (6) .
Based on these considerations, we propose an extended kinked structure for the bound peptides in the TAP binding pocket, with an extrusion that becomes more evident and is a prime feature for longer peptides. Such an extrusion would also be in agreement with the measured 1.7-nm distance between positions 8 and 14 of the 15-mer peptide. Together with high water accessibility of position 6 of the 9-mer peptide, it is tempting to speculate that these peptide extrusions bulge out of the TAP binding pocket or are arranged in a large water-filled cavity, as is observed for the periplasmic peptide-binding protein OppA of the peptide translocase of Lactococcus lactis (20) .
Remarkably, the distance distribution between the labels of the 15-mer peptides is larger than that obtained in the 9-mer, which could reflect the mobility of the extrusion with the shorter peptides being less dynamic because they are clamped between both binding sides. The drop in affinity of longer peptides could result from the high mobility of the bulging residues. The minimal length of peptides recognized by TAP is restricted to 8-mer peptides (6, 7) . Importantly, the simulated spin-label distance between positions 2 and 7 of an 8-mer extended peptide still fits the experimental 2-nm distance, whereas the distance between equivalent residues in a 7-mer peptide is smaller than 2 nm, thus it does not conform to the minimal required length (Fig. 4A) . Therefore, we postulate that the pockets for the anchor residues (1 and N) in TAP are separated by approximately 2.5 nm, which can only be bridged by peptides of 8 residues and longer.
Strikingly, this extended structure of peptides bound to TAP is reminiscent of the structure of peptides bound to MHC class I molecules. In general, the reported structures show the bound peptides to be anchored at the ends of the MHC class I binding groove (so-called A and F pockets) via their N and C termini, respectively (21) . The distance of ∼2.0-2.5 nm from the A to F pockets is consistent with the distance detected here between the second and penultimate positions of the TAP-bound peptides.
To further exploit this correlation, the experimental distance constraints obtained by EPR for peptides bound to TAP were compared with the expected distances in crystal structures of peptides bound to MHC I molecules (Fig. 4B) . The peptides were in silico spin labeled with the proxyl label, and the interspin distances between positions 2 and N-1 simulated taking into account the steric contacts with the residues of the protein binding pocket. We selected two structures of peptides bound to HLA-B27, the allele, which also binds the 9-mer peptide used in this study (22) , and of an extra-long 13-mer peptide bound to rat MHC class I RT1-A, which provided evidence that the central residues between the A-and F-bound termini are highly exposed and bulged (23) . The good agreement of the simulated DEER traces and distance distributions of the MHC class I bound peptides with the experimental data of TAP-bound peptides confirms the similarities between the conformations of the peptides bound to the two classes of proteins (Fig. 4B) . It is noteworthy that the spin label at position 2 in all crystallized peptides bound to MHC is more sterically hindered than at position 8 (having fewer rotamers populated; see Fig. 4B , Left) and the same was observed based on the mobility analysis also for the spin-labeled 9-mer peptide in this study. Interestingly, the coevolution of TAP and MHC class I molecules seems to be reflected not only in the same preference for the C-terminal anchor residues and the phylogenetic appearance, but also in the conformation of the bound peptides, despite the absence of structural homology between ABC exporters and MHC class I molecules. In summary, this study reports a remarkable coevolution of antigen recognition of unrelated but key machineries in antigen processing by selecting epitopes based on overlapping conformation and anchor positions.
Materials and Methods
Expression and Purification of TAP. Human TAP containing a His 10 tag at the C terminus of TAP1 was expressed with the baculovirus expression system in Sf9 insect cells or was expressed in Pichia pastoris. Preparation of crude membranes and TAP purification using digitonin as detergent were performed as described (24) . After purification, TAP was stored at −80°C in digitonin buffer (20 mM Hepes, 140 mM NaCl, 15% glycerol, 0.1% digitonin, pH 7.4) containing 200 mM histidine.
EPR of Spin-Labeled Peptides. Spin labeling of peptides is described in SI Text. All experiments were performed at X-band frequencies (9.3-9.4 GHz) with a Bruker Elexsys 580 spectrometer equipped with a Bruker Elexsys super high sensitive probe head (CW EPR) or a Bruker Flexline split-ring resonator ER 
4118X-MS3 (pulsed EPR
Fitting of simulated dipolar broadened EPR powder spectra to the experimental ones detected at 160 K was performed with the software DIPFIT according to the method described previously (25) . The line width parameters for the fitting of the doubly labeled peptides were determined by fitting of spectra of singly labeled peptides in buffer or bound to TAP. Dipolar time evolution data were acquired using the four-pulse DEER experiment (26) . Data analysis of the DEER traces was performed with the software DeerAnalysis 2009 (27) . Further details are provided in SI Text. The simulation of the possible spin-label rotamers attached at positions 2 and N-1 peptides was performed using the Matlab program package MMM (freely available at http://www.epr.ethz.ch/software/index) based on a rotamer library approach (28) . Further details are provided in SI Text. The peptides were built in a fully extended structure or α-helical conformation using the software B (http://casegroup.rutgers.edu/). The peptide affinity was determined by filter binding assays using purified transporter associated with antigen processing (TAP) or TAP in crude membranes as described (1) . If the binding constant was derived from competition experiments, 0.5 μM of radiolabeled peptide RRY(I 125 )QKSTEL was mixed with increasing concentrations of spin-labeled competitor peptide. The IC 50 value was derived from fitting the data with following equation:
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Where B represents the fraction of reporter peptide bound to TAP, B max is the amount of bound reporter peptide in the absence of competitor (comp), and B min resembles the background signal in the presence of large excess of competitor. The dissociation constant of the competitor peptide was calculated with the Cheng-Prusoff equation taken a K d of 0.6 μM for the radiolabeled reporter peptide (R) (2) .
Spin Labeling of Peptides with 2,2,5,5-Tetramethylpyrrolidine-1-oxyl (Proxyl) Probe. Three millimolar of peptide was spin-labeled with a 1.2-fold molar excess of iodoacetamido proxyl spin label for 2 h at room temperature in 500 μL PBS buffer (pH 6.5) containing 20% (vol∕vol) dimethylformamide. After labeling, peptide was separated by C18 reversed phase HPLC (Vydac-218TP510-C18 Protein and Peptide, 250 × 10 mm, 5-μm particle diameter, MZ Analysentechnik) using 100 mM ammonium acetate, pH 6.5 as solvent A, and 50% (vol∕vol) acetonitrile in 100 mM ammonium acetate, pH 6.5 as solvent B (linear gradient from 10-60% B in 20 min, flow rate of 1 mL∕ min). Fractions containing spinlabeled peptide were pooled, snap frozen in liquid nitrogen, and lyophilized. The identity of the labeled peptide was confirmed by MALDI-TOF mass spectrometry.
Spin Labeling of 2,2,6,6-Tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid (TOAC) Peptides. TOAC-containing derivatives of the peptide RRYQKSTEL were synthesized according to the 9-fluorenylmethyloxycarbonyl/tert-butyl (Fmoc/tBut) strategy, starting from a 2-chlorotrityl chloride polystyrene based resin (3, 4) . Crude peptides were purified by C18 reversed phase HPLC (Reprosil 100-C18, 125 × 20 mm, 5 μm particle diameter, Dr. Maisch, GmbH) using water supplemented with 0.02% TFA as solvent A and acetonitrile containing 0.02% (vol∕vol) TFA as solvent B (linear gradient of 0-40% B in 45 min, flow rate of 10 mL∕ min). The spin-labeled peptides were submitted to alkaline treatment (20 mM ammonium acetate, pH 10.0, 1 h, 50°C) for reversal of the nitroxide protonation, which occurs during acidic cleavage of the resin and amino acid side-chain deprotection. In order to provide only spin-active peptides for EPR experiments, peptides were repurified by C18 reverse phase HPLC (Vydac-218TP510-C18 Protein and Peptide, 250 × 10 mm, 5-μm particle diameter) and 20 mM ammonium acetate (pH 5.0) and 60% acetonitrile in 20 mM ammonium acetate (pH 5.0) as solvents A and B, respectively (linear gradient of 0-40% B in 35 min, flow rate of 1 mL∕ min). The efficiency of labeling was assessed by EPR spectroscopy. The identity of the spin-labeled peptide was confirmed by electrospray ionization mass spectrometry.
Continuous Wave (CW) and Pulse EPR. CW EPR spectra were performed at 277 K in digitonin buffer to avoid TAP denaturation. Samples were loaded into EPR glass capillaries (0.9-mm inner diameter, sample volume 15 μL) and recorded with 100 kHz field modulation, 2 mW microwave power, 0.1 mT modulation amplitude. For spin-normalization of the spectrum, the derivative EPR spectrum was divided by the integral of the absorption spectrum. CW EPR spectra for interspin distance determination were recorded at 160 K. Samples were loaded into EPR quartz capillaries (3-mm inner diameter, sample volume 30 μL) and recorded with 100 kHz field modulation, 0.08 mW microwave power, 0.2 mT modulation amplitude, and 20-80 scans were averaged.
All double electron electron resonance (DEER) measurements were performed at 50 K with observer pulse lengths of 32 ns for π∕2 and π pulses, with the Electron Electron Double Resonance π pulse set to 12 ns. Proton or deuterium (perdeuterated glycerol was used to increase sensitivity) nuclear modulations were averaged. Depending on the concentration of active TAP available in the EPR sample (30-90 μM) and on the peptide affinity, the peptide concentration for the DEER experiments was in the range 10-20 μM (more than 90% of the peptide calculated to be in the bound state). Modeling of Spin-Label Rotamers. The software MMM (manual and open source code available at http://www.epr.ethz.ch/software/) was used to attach in silico the iodacetamido proxyl labels to the fully extended isolated peptides (15-, 9-, and 7-mer) and to the peptides bound to MHC class I proteins, namely the 13-mer peptide bound to rat MHC class I RT1-A [Protein Data Bank (PDB) ID 1ED3] and two peptides (9-and 10-mer) crystallized with HLA-B27 (PDB ID 2BSR and 2BSS). The resulting spinlabel rotamers provide the position of each NO group in each site from which the distance distribution can be calculated and compared to the experimental data.
Studies of structure and dynamics of proteins using sitedirected spin labeling rely on explicit modeling of spin-label conformations. The large computational effort associated with such modeling with molecular dynamics simulations is here avoided by a rotamer library approach based on a coarse-grained representation of the conformational space of the spin label.
The approach used in MMM for modeling of the conformational distribution of iodacetamido spin labels is based on a library of 108 rotameric states whose relative energies in the absence of interaction with the protein are known approximately. To identify these states and estimate their relative energies, molecular dynamics (MD) simulations were performed on the free spin label with the CHARMM27 force field at 175 K, temperature chosen to target the most commonly used conditions at which EPR experiments on spin-labeled proteins are performed. The latter temperature is an estimate of the glass transition temperature of proteoliposome. Briefly, the states are derived by analyzing maxima in the population of individual dihedral angles. The internal populations of these states can be obtained by analyzing all frames of the MD trajectory in terms of the closest rotamers. These populations are related to relative energies of the unconstrained label by Boltzmann inversion.
The relative energies of the rotamers attached at a certain site of the protein are computed by adding to the internal energy the interaction energies that correspond to the interaction between the label and the neighboring atoms of the protein side chains.
The interaction energy for a particular rotamer is a sum of pairwise Lennard-Jones potential energies between each atom of the label and each atom of the protein side chain in the surrounding. Van der Waals radii are downscaled by a factor 0.5 to account for typical backbone and side-chain flexibility. The same library was already successfully applied to the spin-labeled light harvesting complex II (6) . Details of the approach and validation data are available (7). Fig. S3 . Mobility of spin-labeled peptides of different lengths. (A) CW spectra of bound doubly proxyl-labeled 9-(red) and 15-mer (blue) peptides. Asterisks denote the fraction of residual free labeled peptides. The inset on the right shows the superposition of the two spectra, revealing similar restricted dynamics at analogous positions in both peptides. (B) CW spectra of singly labeled 9-(red), 11-(green), and 15-mer (blue) peptides bound to TAP carrying the proxyl probes in the central region of the peptides (positions 5, 6, and 8, respectively). The 11-and 15-mer peptides are characterized by lower affinity to TAP, thus a relatively large fraction of residual free peptide is visible. For clarity, the spectra of the free labeled peptides are presented in black superimposed to the residual spectral fraction. The vertical dotted line highlights the change in the low-field peak position going from a restricted to a more dynamic region of the peptide. The inset on the right shows the spectra of the 11-(green) and 15-mer (blue) peptides superimposed to the spectrum of the 9-mer (red) peptide. Similar dynamics can be observed at analogous positions in the three peptides, highlighting the flexibility of the central region of the bound peptides independently of their lengths. The sequences of the peptides containing the single cysteines are as follows: 9-mer RRYQCSTEL; 11-mer, RRYQKCNSTEL; 15-mer, RRYQKLTCAVNSTEL.
